The numerical simulation of the three-dimensional flow upwind of a vertical cylinder over a flat plate is achieved with a parallel LES code which is called DNSUTA Version III. The preliminary computational results with a coarse grid find that the flow structure is similar to experimental observations. The bow shock is very clear, and a separation shock is formed ( Λ -structure). Inside the separation region, there is a supersonic zone clearly visible. We also observe a high pressure zone near the cylinder wall, where the separation shock meets the bow shock. We observe high temperatures at the cylinder surface, as detected in experiments. The streamlines show the separation zone and the vortices are clearly outlined. Also, the root vortex is clearly shown at the base of the cylinder. With a finer grid which we plan to use, it will be very likely to observe more details of the structure for shock/cylinder interaction.
The early experimental observations progressed from laminar to turbulent interactions, primarily in the transonic and supersonic regimes, and these were mostly two-dimensional (Green, 1970) . Interest expanded in the 1960s to include three-dimensional interactions. The extra geometric degree-of-freedom brought forth a bewildering array of interactions that displayed a rich variety of flow features and which are still being studied. Settles and Dolling (1986) proposed a classification scheme that helped tremendously to put these three-dimensional interactions in proper perspective. Interest in shock/boundary layer interactions was also sparked by developments in hypersonic flight, where real gas effects are important (Holden, 2006; Grasso et al., 2001) . A continuing interest in controlling shock/boundary-layer interactions due to their adverse effects persists (Délery, 1985; Raghunathan, 1988; Hafenrichter, et al., 2003) .
In experimental studies of shock/turbulent boundary-layer interactions (STBLIs), even in the early years, there was recognition that unsteadiness plays a role in defining the interaction, despite limited instrumentation (Speaker and Ailman, 1966) . These difficulties involving high-frequency transducers remain to this day, although it has been argued that the predominant energy of the fluctuations lies in the large scales that are within the bandwidth of such instrumentation (Brusniak and Dolling, 1994; Poggie and Smits, 1997) . Moreover, contemporary development of non-intrusive diagnostics of broad bandwidth has tremendously aided the understanding of flowfield unsteadiness. The ability to perform non-intrusive mapping, such as through laser Doppler and particle image velocimetry (Santiago and Dutton, 1997; Bueno, et al., 2005) , molecular-based imaging (Miles, et al., 2001 ) and surface mapping using pressure and temperature sensitive paints (Liu, et al., 1995) , has also contributed to this understanding. Nonetheless, it is fair to say that fundamental questions regarding the structure of shock/boundary layer interactions and their unsteadiness remain poorly answered.
With the advent of computational fluid dynamics (CFD), there is a strong desire to be able to model the complex flowfield arising from shock/boundary-layer interactions. Numerical simulations of turbulent shock/boundary layer interactions have seen huge strides over the past three decades (Knight et al., 2003) . It is generally considered that the laminar interaction can be simulated with extremely high accuracy, limited only by the numerical scheme and grid resolution, since the physics of the problem are completely captured by the governing equations (Degrez, et al., 1987; Holden, 2006) . It is interesting to note that unsteadiness has been found in computations of separated, laminar interactions (Loth and Matthys, 1995) .
Other than algorithm development and other numerical issues (as is common to all areas of CFD), turbulent interactions are confronted with the usual difficulties related to turbulence modeling. The implementation of turbulence models based on Reynolds averaging (RANS models) has an erratic history. The inability to capture the fine physical details of the interactions points to the inadequacies of such turbulence models. Such inadequacies may pose serious limits in the ability to produce accurate computations of flows past realistic configurations and, just as important if not more so, limit the development of higher-order flow or turbulence control schemes.
The limitations of Reynolds-averaging and its associated turbulence models prompted the recent development of direct numerical simulations (DNS) and large eddy simulations (LES). Interestingly enough, Knight, et al. (2003) remarked that they were able to include in their survey a discussion of DNS and LES of shock/turbulent boundary layer interactions. As is the general consensus, DNS remains computationally intensive and is thus limited to low Reynolds number flows (Adams, 2000) . The present focus is therefore directed toward LES, which has an important bearing toward furthering the understanding of shock/turbulent boundary layer interactions at realistic Reynolds numbers.
Realizing that shock/turbulent boundary layer interactions are inherently unsteady and trying to further the understanding of such unsteadiness are two separate issues. The reason for such a strong statement has been the inadequacies to date of experimental and computational techniques. The recent rapid advances in both have made it feasible nowadays to examine more closely the unsteadiness issue and to address it in a meaningful way. It can be noted that the unsteadiness is difficult to properly address by Reynolds-averaged Navier-Stokes solvers (Yamamoto and Takasu, 1998; Sinha, et al., 2005) .
Recent inroads into shock/turbulent boundary layer interactions using LES have been reported, e.g., by Garnier, et While these advances are admirable, most of these LES have not been validated by comparison with experiments. The experimental validation is not an easy task either since these two-dimensional experiments, particularly the oblique impinging shock interaction, can be plagued by sidewall effects . As computational resources increase, these simulations will likely improve in accuracy and can then adequately resolve the wide range of length and velocity scales at high Reynolds numbers. The advantage with DNS/LES is that these methods can provide detailed flowfield data with high resolution when 50-100 million grid points are used, which is affordable with current DoD and TACC supercomputer resources. With growing confidence in LES in addressing a wide range of flow problems, it is now pertinent to extend the development of LES techniques to even more complex problems.
The supersonic flow around a vertical cylinder set on a flat plate, in particular the flow upwind of the cylinder, has a very complex structure, according to experiments (Panov and Shvets, 1998) . In this work, the challenge is to simulate this flow in great detail using LES techniques and high-order numerical schemes. Special focus will be given to the use of Implicit Large Eddy Simulation (ILES). This paper is structured as follows: the governing equations are briefly described in Section 2; the description of the problem is given in Section 3; preliminary numerical results for a coarse grid are described in Section 4; and finally, future plans for this work are described in Section 5.
Governing Equations
A curvilinear-coordinate formulation of the compressible Navier-Stokes equations in conservative non-dimensional form is utilized in the simulation.
Let u, v, w be respectively the x, y and z components of the velocity, the density, p the pressure, T the temperature, k(T) the thermal conductivity and E the total energy of the fluid. Then, the equations may be expressed in vector form:
where
and σ is the stress tensor expressed in the x, y, z coordinate system.
Problem Description
The supersonic flow pattern around a vertical cylinder on a flat plate has a complex structure. Our interest lies on the flow upstream of the cylinder, where a complicated system of shocks is formed, generated by the interaction of a bow shock with the boundary layer of the flat plate (see sketch in Figure 1 ). The numbers 1 to 5 in the sketch denote the trace along which the shock system intersects the symmetry plane. Two horseshoe shaped vortices are formed by a high-pressure gas jet that penetrates the flow separation zone from the external flow. (Panov & Shvets, 1998) A similar structure can be observed upstream of a blunt fin over a flat plate (see the sketch in Figure 2 ). In both cases, a small vortex at the base of the cylinder is formed. This vortex is called the "root vortex". (Barnhart, 1995) The similarity between the cases allows us to consider initially only the front half of the cylinder facing the incoming flow for the study of the complex shock wave/boundary layer interaction.
Preliminary Numerical Results
The numerical simulation of the three-dimensional flow upwind of a vertical cylinder (or a blunt fin) over a flat plate is achieved with a parallel code using FORTRAN and Message Passing Interface (MPI).
The reference length in the simulation is taken as the diameter of the cylinder. The domain is cylindrical-shaped with radius 15 and height 4 ( Figures 3 and 4) . The cylinder is assumed to have infinite height; therefore, a symmetry boundary condition is taken at the top of the domain. Current results for Mach number 2.5 and Re D = 1,000,000 with the 5 th order WENO scheme (Jiang & Shu, 1996) and ILES technique are shown in Figures 5-9 . We observe that with a coarse grid the flow structure is similar to experimental observations (see Section 3). The bow shock is very clear, and a separation shock is formed (lambda-structure). Inside the separation region, there is a supersonic zone that is clearly visible (Figure 6 ). We also observe a high pressure zone near the cylinder wall, where the separation shock meets the bow shock ( Figure 7 ). We observe high temperatures at the cylinder surface, as detected in experiments (Figure 8 ). The streamlines show the separation zone and the vortices are clearly outlined ( Figure 9) . Also, the root vortex is clearly shown on Figure 9 (b), at the base of the cylinder. With a finer grid, it will be possible to observe more details of the structure. 
Future Work
Based on current results, our plans are to run a new case on a finer grid to capture more details of the flow, modify the current numerical scheme (WENO) to a new high-resolution scheme that is under development, and also to test cases with a micro-vortex generator at the flat plate.
